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INTRODUCTION 

The  design  of  the  experiments  described  here  is  driven  by  the  notion  that 
the  pathogenesis  of  human  breast  cancer  can  only  be  understood  once  the 
normal  morphogenetic  processes  in  the  breast  have  been  elucidated  at  the 
molecular  level.  Such  morphogenesis  is  most  easily  studied  in  the  context  of 
the  mouse  breast,  where  several  experimental  advantages  obtain.  These 
include  i)  the  ability  to  explant  mammary  epithelial  cells  from  one  donor  animal 
and  engraft  them  into  a  host  in  which  they  re-form  normal  mammary  ductal 
trees  and  alveoli;  ii)  the  ability  to  manipulate  the  mammary  epithelial  cells  ex 
vivo,  including  the  ability  to  introduce  ectopically  expressed  genes  via 
retrovirus  vectors  into  these  cells;  and  iii)  the  availability  of  mutant  mice 
strains  that  lack  one  or  another  of  the  genes  critical  to  mammary 
development,  including  for  example,  those  specifying  the  estrogen, 
progesterone  or  prolactin  receptors  (1,2,3).  For  these  reasons,  many  of  our 
experiments  over  the  past  year  have  focused  largely  on  the  use  of  mouse 
models  of  mammary  development  as  described  below. 

A  second  line  of  work  has  derived  from  our  study  of  the  estrogen  receptor 
(ER)  and  the  mechanism  by  which  it  drives  mammary  epithelial  cell 
proliferation.  Estrogen  treatment  of  ER-positive  mammary  carcinoma  cells 
results  in  the  induction  of  cyclin  Dl.  Ectopic  expression  of  the  ER  in  previously 
ER-negative  carcinoma  cells  and  keratinocytes  does  not  lead  to  cyclin  Dl 
production  upon  estrogen  treatment.  This  has  led  us  to  hypothesize  that  there 
are  two  major  mechanisms  leading  to  formation  mammary  carcinomas.  These 
models  have  been  tested  and  are  being  tested  in  the  experiments  described 
below. 


In  attempting  to  describe  the  pathogenesis  of  ER-negative  human 
mammary  carcinomas,  we  have  taken  note  of  the  fact  that  these  often 
express  high  levels  of  the  HER2/neu  receptor,  the  receptor  for  heregulin(HRG) 

(4).  HRG  is  normally  elaborated  by  the  mammary  stroma  during 
alveologenesis,  and  is  likely  to  act  upon  the  epithelial  cells,  driving  their 
proliferation  through  its  ability  to  evoke  production  of  cyclin  Dl  in  these  cells. 

This  process  of  alveologenesis  is  also  correlated  temporally  with  the  presence 
of  high  levels  of  prolactin  of  pituitary  and  placental  origin,  which  likely 
provokes  this  process  through  its  ability  to  act  on  mammary  epithelial  cells 
(MECs).  Moreover,  our  work  has  led  us  to  realize  that  the  phenotypes  of 
breast  development  in  cyclin  D  1-negative  and  prolactin  receptor-negative  mice 
are  remarkably  similar,  being  blocked  just  prior  to  alveologenesis. 
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Together,  these  observations  have  led  us  to  the  following  mechanistic 
models  of  morphogenesis  and  tumorigenesis.  During  alveologenesis,  prolactin 
impinges  on  prolactin  receptor-positive  epithelial  cells,  inducing  them  to 
elaborate  a  paracrine  factor  (perhaps  a  Wnt  protein)  that  in  turn  stimulates 
nearby  stromal  cells  to  produce  HRG.  The  latter  then  acts  back  on  MECs, 
stimulating  them  to  proliferate  via  its  ability  to  induce  cyclin  D1  production  in 
them.  During  the  pathogenesis  of  ER-negative  mammary  carcinomas,  we 
hypothesize  that  certain  MECs  acquire  the  ability  to  make  their  own  prolactin, 
resulting  in  the  formation  of  an  autocrine  signaling  loop  that  results  in  the 
constitutive  production  of  a  paracrine  factor(s)  that  elicit(s)  HRG  production  in 
nearby  stroma;  the  resulting  HRG  then  stimulates  MEC  proliferation, 
resulting  in  localized  ductal  hyperplasia  that  is  dependent  on  ongoing,  intimate 
interaction  with  the  stroma.  Subsequently,  during  tumor  progression,  some  of 
these  hyperplastic  cells  overexpress  their  HER/neu  receptor,  causing  its 
ligand-independent  firing  and  thereby  liberating  these  cells  from  stromal 
dependence  and  creating  a  ductal  carcinoma  in  situ. 

In  the  case  of  ER-positive  tumors,  we  imagine  a  quite  different  scenario 
to  be  operating.  In  this  instance,  work  of  others  has  indicated  that  the  sole 
function  of  estrogen  and  the  ER  in  the  mammary  epithelium  is  to  induce 
production  of  the  progesterone  receptor.  Accordingly,  estrogen  is  not  a  direct 
mitogen  for  normal  mammary  epithelial  cells.  We  hypothesize  that  it  fails  to 
act  in  a  mitogenic  fashion  because  the  signaling  pathway  between  the  ER  and 
cyclin  D1  is  not  operative  in  normal  MECs.  Such  a  connection  becomes 
established,  following  our  model,  when  the  AIB-1/RAC3  co-activator  protein  of 
the  ER  becomes  ectopically  expressed  in  ER-positive  MECs.  Such  ectopic 
expression  enables  MECs  to  take  advantage  opportunistically  of  ambient 
estrogen,  using  it  as  a  mitogen  to  drive  their  proliferation.  These  two  models  of 
breast  development  and  mammary  carcinoma  pathogenesis  are  being  tested 
in  the  experiments  described  below. 

BODY 

Project  1:  Wnt-4  and  mammary  development:  ductal  branching  and 
alveologenesis 

As  described  above,  we  hypothesize  that  paracrine  signaling,  provoked 
by  prolactin,  from  epithelial  cells  to  stromal  cells  is  critical  for  alveologenesis. 
Yet  other  evidence,  not  described  here,  suggests  analogous  paracrine  signaling 
provoked  by  progesterone  is  also  important  for  ductal  branching  and  the 
initiation  of  alveologenesis.  We  speculate  that  this  paracrine  signaling  is 
mediated  by  various  Wnt  proteins  and  accordingly  have  initiated  detailed 
examination  of  the  behavior  of  various  Wnt  proteins  and  their  effects  on 
mammary  epithelial  and  stromal  cells. 

The  Wnt-1  gene  was  originally  identified  as  a  frequent  integration  site  for 
the  Mouse  Mammary  Tumor  Virus  (5).  Wnt-1  is  one  of  a  group  of  more  than  a 
dozen  related  proteins  that  appear  to  act  as  paracrine  signals  that  mediate 
differentiation  and  proliferation  of  cells.  Overexpression  of  Wnt-1  in  the 
mammary  epithelium  leads  to  increased  branching  and  alveolar  budding  in  the 
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gland  and  to  carcinoma  formation  within  about  6  months.  Although  the 
expression  of  Wnt-1  has  strong  morphogenetic  effects  in  the  mammary  gland, 
Wnt-1  itself  has  never  been  found  to  be  expressed  in  the  breast  under 
physiologic  conditions.  However,  other  related  Wnt  proteins  are  indeed 
expressed  in  a  developmentally  regulated  fashion.  In  particular,  Wnt-4  is 
expressed  in  the  mammary  epithelium  and  is  upregulated  during  puberty  and 
early  pregnancy  (6,8)  when  increased  branching  and  budding  occur.  Yet  others 
(7)  demonstrated  that  overexpression  of  Wnt-4  in  the  mammary  epithelium  by 
means  of  retroviral  vector  infection  causes  sidebranching  and  alveolar 
formation  in  virgin  mice,  suggesting  that  Wnt-1  might  actually  be  activating  a 
physiologic  pathway  normally  controlled  by  Wnt-4. 

To  gauge  the  importance  of  Wnt-4  in  mammary  gland  development,  we 
have  collaborated  with  the  laboratory  of  A.  McMahon  at  Harvard  in  whose  lab 
were  generated  germline  mutant  mice  lacking  functional  Wnt-4  gene  copies. 
Any  effects  of  Wnt-4  loss  on  mammary  development  could  not  directly  be 
assessed,  since  these  mice  die  at  birth  from  kidney  failure.  For  this  reason,  we 
resorted  to  isolating  mammary  buds  from  both  wnt-4'/"  and  wild  type  (wt) 
embryos  and  implanting  these  into  the  cleared  fat  pads  of  three  week-old 
recipients.  An  extensive  series  of  such  transplant  experiments  showed  that 
ductal  branching  occurred  normally  in  virgin  recipients.  However,  when  the 
recipients  were  analyzed  during  the  first  three  quarters  of  the  pregnancy,  the 
epithelium  lacking  Wnt-4  showed  retardation  in  sidebranching  and  alveolar 
formation  compared  to  the  contralaterally  implanted  wt  epithelium.  By  the 
end  of  pregnancy,  both  implants  showed  comparable  degree  of  development. 
This  indicates  that  Wnt-4  is  important  for  sidebranching  and  alveolar 
formation  during  the  first  three  quarters  of  pregnancy,  but  later  on,  other  Wnt 
proteins,  may  compensate  for  its  absence.  Included  among  these  are  the 
Wnt-5a  and  -5b  and  -6  proteins,  the  expression  of  which  is  upregulated  after 
Wnt-4  during  pregnancy  (8). 

Our  earlier  work  (last  year’s  report)  along  with  that  of  others  provided 
strong  indication  that  progesterone,  acting  on  progesterone  receptor-positive 
epithelial  cells,  contributes  importantly  to  ductal  branching  (9,10).  In 
particular,  we  showed  previously  that  progesterone  acts  on  the  mammary 
epithelium  in  a  paracrine  fashion  to  induce  sidebranching  and  allow  for  alveolar 
formation.  The  present  observations  concerning  Wnt-4  implicate  it  as  well  in 
the  process  of  ductal  branching  and  alveologenesis,  making  it  an  attractive 
candidate  as  a  downstream  mediator  of  progesterone  action.  Accordingly,  we 
are  currently  testing  whether  progesterone  is  able  to  induce  Wnt-4  expression 
in  vivo  in  the  mammary  epithelium  by  injecting  mice  with  this  hormone,  and  in 
vitro  by  stimulating  cells  of  the  T47D  progesterone-responsive  breast  cancer 
cell  line,  looking  at  the  expression  levels  of  Wnt-4  by  Northern  analysis. 
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Project  2:  Prolactin,  Cyclin  D1  and  Alveologenesis 

As  described  above,  several  lines  of  evidence  indicate  that  cyclin  Dl, 
prolactin,  and  heregulin  are  all  intimately  involved  in  alveologenesis.  According 
to  our  own  thinking,  prolactin  treatment  of  epithelial  cells  may  cause  them  to 
release  a  paracrine  signal  to  the  nearby  stroma,  inducing  the  latter  to 
elaborate  heregulin,  which  in  turn  elicits  alveologenesis  by  activating  cyclin  Dl 
expression  in  nearby  epithelial  cells.  To  test  whether  heregulin  is  indeed 
downstream  of  the  prolactin  receptor  and  upstream  of  cyclin  Dl,  as  depicted  in 
this  model,  we  would  like  to  infect  primary  mammary  epithelial  cells  derived 
from  cyclin  Dl-negative  (Dl-/-)  mice  and  prolactin  receptor-negative  (PRLR-/-) 
mice  with  a  retrovirus  that  causes  ectopic  expression  of  heregulin  (HRG) .  The 
infected  cells  will  then  be  used  to  reconstitute  cleared  fat  pads.  If  the  model  as 
presented  is  correct,  the  ectopically  expressed  HRG  should  be  able  to  rescue 
the  phenotype  of  the  PRLR-/-  cells  but  not  that  of  cells  deriving  from  cyclin  Dl- 
/-  mice.  Infected  cells  can  be  visualized  by  blue  stain,  since  the  viral  construct 
encodes  an  IRES-beta-geo  gene  in  addition  to  heregulin. 

Over  the  past  six  months,  we  have  been  optimizing  the  infection  of 
primary  mammary  epithelial  cells  and  the  injection  techniques  using  a  b- 
galactosidase-expressing  retrovirus  and  blue  staining  of  infected  cells  and 
injected  tissue,  the  latter  performed  8  weeks  after  implantation  of  infected  cells 
into  cleared  fat  pads.  We  have  gradually  improved  the  conditions  and  have 
now  obtained  a  series  of  reconstituted  breasts  that  have  segments  expressing 
the  b-galactosidase  gene.  We  have  subsequently  been  successful  in  obtaining 
expression  of  a  wntl-IRES-beta-geo  virus  in  spite  of  the  fact  that  the  viral 
titers  are  lower  than  those  obtained  with  the  vector  expressing  only  b- 
galactosidase,  and  have  now  successfully  reconstituted  glands  with  heregulin- 
infected  wt  cells. 

In  order  to  dissect  further  the  biochemical  connection  between  the 
prolactin  receptor  and  cyclin  Dl,  we  have  decided  to  look  at  the  phenotype  of 
mammary  epithelium  lacking  STAT5a  and  b,  which  are  immediately 
downstream  of  the  prolactin  receptor  (11).  These  two  transcription  factors 
may  mediate  some  of  the  alveologenic  response  elicited  by  prolactin.  They 
may  act  directly  by  inducing  cyclin  Dl  in  mammary  epithelial  cells,  or  as  we 
suspect,  indirectly  by  allowing  prolactin-treated  epithelial  cells  to  release  a 
paracrine  factor  that  induces  HRG  from  nearby  stromal  cells;  once  released, 
according  to  our  thinking,  the  HRG  may  proceed  to  induce  cyclin  Dl  synthesis 
and  alveologenesis  in  the  breast  tissue.  We  wish  to  know  whether  these  two 
STATs,  which  appear  to  act  redundantly,  are  needed  for  both  the  proliferative 
and  the  differentiative  response  to  prolactin.  Because  STAT5a/b  mice  fail  to 
become  pregnant  (11),  their  mammary  phenotype  could  not  be  assessed 
directly.  Consequently,  we  have  generated  a  small  breeding  colony  and  set  up 
several  transplantation  experiments  in  which  their  breast  tissue  will  be 
engrafted  into  the  cleared  fat  pads  of  wild  type  hosts  that  in  turn  will  be 
induced  to  become  pregnant.  Our  analysis  of  the  behavior  of  the  resulting 
epithelial  grafts  should  prove  revealing  about  the  role  of  the  STATs  in 
mediating  the  prolactin  response. 
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Project  3:  Wnts  and  mammary  morphogenesis 

We  believe  that  paracrine  signals  flowing  from  the  mammary  epithelium  to  the 
stroma  are  important  for  inducing  the  latter  to  elaborate  the  important  morphogens, 
HRG  and  hepatocyte  growth  factor  (HGF).  According  to  our  thinking,  the  latter  then 
proceed  to  induce  morphogenetic  steps  such  as  ductal  elongation  and  branching  and 
alveologenesis  in  the  epithelium.  We  believe,  moreover,  that  the  Wnt  proteins  are 
excellent  candidates  for  these  paracrine  factors  conveying  the  epithelium-to-stroma 
signals.  As  described,  overexpression  of  certain  wnt  genes  in  the  mouse  mammary 
gland  is  tumorigenic  and  has  been  observed  in  some  human  breast  cancers.  In  the 
mouse  mammary  gland,  six  different  Wnt  proteins  are  expressed  at  defined  times 
during  development  and  four  of  these  (Wnts  -4,  -5A,  -5B  and  -6)  are  strongly  induced 
during  pregnancy  (12) .  However,  the  precise  role  of  these  Wnts  in  mammary  gland 
development  and  cancer  remains  unclear. 

We  are  currently  testing  the  hypothesis  that  specific  Wnt  proteins  are 
mediators  of  epithelial/stromal  communication  in  the  mammary  gland  in  response  to 
hormonal  stimulation.  More  specifically,  we  are  interested  in  whether  Progesterone 
(P)  or  Prolactin  (Prl),  the  two  major  pregnancy-associated  hormones,  causes  the 
expression  of  certain  Wnt  genes  in  mammary  epithelial  cells  (MECs),  the  products  of 
which  act  on  neighboring  mammary  stromal  fibroblasts  causing  the  production  of  the 
heregulin  (HRG)  growth  factor  during  pregnancy.  HRG  expression  is  restricted  to  the 
mammary  stroma  but  HRG  elicits  its  effects  on  the  epithelial  cells  expressing  its 
receptors,  the  erbB-3  and  erbB-4  receptor  tyrosine  kinases. 

To  test  this  model,  we  are  first  testing  whether  P  or  Prl  is  able  to  induce  the 
expression  of  specific  wnt  genes  in  P-  or  Prl-responsive  MEC  cell  lines  by  Northern 
analysis  and  RT-PCR.  Independent  of  this,  we  have  constructed  a  series  of  retrovirus 
vectors  expressing  each  of  the  different  Wnt  proteins  known  to  be  expressed  in  the 
mouse  mammary  gland.  We  are  introducing  these  into  primary  mammary 
fibroblasts  and  a  series  of  other  types  of  fibroblasts  to  examine  whether  HRG 
expression  is  being  induced  in  response  to  one  or  another  ectopically  expressed  wnt. 
Expression  of  the  different  Wnt  proteins  following  retrovirus  infection  of  several 
fibroblast  lines  has  been  confirmed  by  western  immunoblotting  with  an  antibody  that 
recognizes  an  epitope  tag  on  the  C-terminus  of  each  Wnt  protein.  These  studies  will 
hopefully  begin  to  define  a  specific  role  for  one  or  more  of  the  Wnt  proteins  as 
mediators  of  epitheliaVstromal  communication  during  mammary  gland  development 
and  cancer. 

Project  4:  Autocrine  Prolactin  Signaling  and  Breast  Cancer  Initiation 

As  described  above,  we  believe  that  prolactin  (Prl)  induces  (MECs)  to 
elaborate  a  paracrine  factor  (perhaps  a  Wnt)  that  induces  heregulin  (HRG) 
production  in  the  stroma.  The  latter  then  proceeds  to  drive  epithelial  cells 
proliferation  and  alveologenesis.  This  model  suggests  a  mechanism  by  which 
certain  estrogen  receptor-negative  carcinomas  may  be  initiated.  Thus,  an 
epithelial  cell  may  acquire  the  ability  to  make  its  own  Prl  rather  than  being 
dependent  upon  Prl  elaborated  by  the  pituitary  or  placenta.  As  a  consequence, 
it  may  stimulate  in  an  autocrine  fashion  its  own  Prl  signaling  pathway,  causing 
this  cell  to  release  in  a  constitutive  fashion  the  paracrine  factor  that  is 
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responsible  for  inducing  HRG  production  in  the  stroma.  Once  produced  by  the 
stroma,  this  HRG  may  then  drive  the  proliferation  of  nearby  epithelial  cells, 
activating  their  cyclin  D1  expression  and  resulting  ultimately  in  ductal 
hyperplasia.  Such  hyperplastic  growths  may  eventually  progress  to 
carcinomas  in  situ  after  amplifying  their  HER2/neu  receptors,  causing  these 
receptors  to  fire  in  a  ligand-independent  fashion,  thereby  allowing  hyperplastic 
epithelial  cells  to  acquire  an  independence  from  stromal  stimulation. 

As  one  way  of  testing  this  model,  we  have  begun  to  examine  whether 
human  mammary  carcinoma  lines  do  indeed  elaborate  paracrine  factors  that 
elicit  HRG  production  in  stromal  fibroblasts.  To  do  so,  we  have  begun  a  series 
of  experiments  in  which  we  are  co-culturing  a  series  of  human  mammary 
carcinoma  cell  lines,  including  the  BT-474,  CAMMA-1,  MCF-7,  MDA-MB-231, 
MDA-MB-453,  SK-Br-3,  T47D  lines,  with  mouse  mammary  stromal 
fibroblasts,  asking  whether  the  latter  respond  to  the  carcinoma  cells  by 
inducing  the  production  of  mouse  HRG,  the  latter  being  measured  in  RNase 
protection  assays,  by  Northern  blotting,  and  by  RT-PCR  (reverse 
transcription-polymerase  chain  reaction).  We  have  recently  prepared  the 
appropriate  probes  and  primers  for  these  various  assays.  To  extend  these 
studies  to  interactions  that  may  occur  in  vivo,  we  have  also  begun  to  implant 
human  mammary  carcinoma  cell  lines  into  the  cleared  mammary  fat  pads  of 
RAG-1  immunocompromised  female  mice,  asking  whether  the  carcinoma  cells 
are  able  to  elicit  HRG  production  from  the  stromal  cells  residing  in  the  fat  pads. 
As  before,  we  are  assessing  mouse  HRG  production  by  Northern  blotting, 
RNase  protection  assays,  and  by  RT-PCR  analysis. 

As  a  further  test  of  this  model,  we  are  infecting  mouse  mammary 
epithelial  cells  with  a  retrovirus  vector  that  specifies  Prl,  thereby  mimicking 
the  state  that  we  hypothesize  exists  in  early  human  mammary  carcinomas 
that  have  acquired  the  ability  to  synthesize  their  own  Prl.  We  are  testing  the 
biological  consequences  of  this  infection  in  two  ways.  First,  by  co-culturing  the 
Prl-producing  epithelial  cells  with  primary  stromal  fibroblasts,  we  hope  to  be 
able  to  detect  HRG  expression  in  the  latter.  Second,  by  introducing  the  Prl- 
producing  epithelial  cells  into  cleared  fat  pads  of  virgin  females,  we  hope  to 
detect  HRG  expression  in  the  stromal  cells  of  the  fat  pads.  In  both  instances, 
we  shall  use,  as  before,  Northern  blotting,  RNase  protection  assays,  and  RT- 
PCR  to  detect  expression  of  the  mouse  HRG  gene. 

Project  5:  Estrogen  and  the  Pathogenesis  of  Estrogen-receptor  positive 
mammary  carcinomas 

In  an  earlier  report,  we  described  our  studies  and  those  of  others  in 
which  the  effects  of  estrogen  on  cyclin  D1  expression  in  human  MCF-7 
mammary  carcinoma  cells  were  described.  Specifically,  estrogen,  acting  via 
the  estrogen  receptor  (ER),  was  able  to  activate  expression  of  cyclin  Dl, 
thereby  driving  the  growth  of  these  cells  (13, 14).  In  our  ongoing  work,  we  have 
attempted  to  understand  how  the  ER  is  able  to  activate  cyclin  Dl  expression. 
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In  order  to  do  so,  we  have  ectopically  expressed  the  ER  in  ER-negative 
MDA-231  human  mammary  carcinoma  cells,  as  described  previously.  A  series 
of  clonal  MDA-231-derived  cells  lines  ectopically  expressing  the  ER  has  been 
isolated.  In  each  case,  application  of  estrogen  to  these  cells  has  failed  to  elicit 
cyclin  D1  expression.  We  also  have  varied  the  conditions  of  estrogen 
treatment,  by  concomitantly  starving  cells  of  serum  or  amino  acids  or  treating 
them  with  lovastatin;  in  all  these  instances,  no  cyclin  D1  was  induced. 

However,  fetal  bovine  serum  added  to  serum-starved  MDA-231  cells  was  able 
to  strongly  induce  cyclin  D1  expression.  We  concluded  that  the  presence  of  the 
ER  per  se  is  not  sufficient  in  mammary  carcinoma  cells  for  the  estrogen- 
dependent  induction  of  cyclin  D1  expression. 

In  light  of  the  fact  that  MDA-231  cells  are  tumor-derived  and  may  be 
aberrant  in  many  respects,  we  sought  to  study  ER  function  in  a  more  normal 
cellular  background.  To  do  so,  we  infected  HaCaT  cells,  a  line  of  normal 
immortalized  human  keratinocytes,  with  an  ER  expression  vector.  A  number 
of  independent  clones  stably  expressing  different  levels  of  ER  have  been 
isolated.  Eleven  clones  were  tested  for  estrogen-dependent  cyclin  D1 
expression.  None  of  these  showed  estrogen-dependent  cyclin  D1  expression 
while  serum-dependent  cyclin  D1  expression  was  observed  as  expected. 

Transient  transfections  of  an  estrogen-responsive  promoter  driving 
luciferase  expression  indicated  the  presence  of  a  functional  ER  in  several  of  the 
isolated  HaCaT  clones.  Thus,  as  before,  we  concluded  that  ER  per  se  is  not 
sufficient  to  drive  cyclin  D1  expression  in  an  estrogen-dependent  fashion.  This 
led  us  to  conclude  that  other  molecules  or  biochemical  conditions,  in  addition  to 
ER  expression,  must  be  present  in  order  for  estrogen  to  induce  cyclin  D1 
expression  and  cell  proliferation. 

The  most  attractive  candidates  for  such  mediators  of  ER-to-cyclin  D1 
signaling  are  the  recently  isolated  nuclear  receptor  coactivators.  These 
molecules  interact  directly  with  nuclear  receptors  and  are  able  to  mediate  ligand- 
dependent  transcription.  In  particular,  one  of  these  co-activators,  AIB-l/RAC  3, 
was  recently  found  to  be  overexpressed  in  a  series  of  human  mammary 
carcinomas  (15).  Thus,  it  is  possible  that  the  signaling  between  the  ER  and  the 
cyclin  D1  promoter  may  be  mediated  through  this  molecule. 

We  are  currently  testing  the  possibility  that  AIB-1/RAC3  co-activator 
cooperates  with  ER  to  drive  cyclin  D1  expression.  Transient  transfection  of 
AIB-1/RAC3  enhanced  expression  of  an  estrogen-responsive  luciferase 
construct  as  reported  by  several  laboratories.  Preliminary  studies  with  a 
cyclin  D1  promoter-luciferase  construct  showed  a  dose-dependent  increase  in 
luciferase  expression  with  increasing  doses  of  AIB-1/RAC3  in  MDA-231  cells 
containing  ER.  We  are  also  characterizing  the  effect  of  ectopic  AIB-1/RAC3 
expression  in  the  ER-positive  HaCaT  cells  that  we  have  created.  To  approach 
this,  we  have  constructed  a  retrovirus  vector  that  specifies  AIB-1/RAC3;  in 
addition,  we  have  introduced  the  AIB-1/RAC3  cDNA  into  the  mammalian 
vector  pCI-neo  for  use  in  transfection  experiments.  In  vitro  transcription  and 
translation  of  the  introduced  AIB-1/RAC3  genes  confirmed  that  the  expected 
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protein  is  being  made  by  these  new  plasmids.  In  the  near  future,  transfection 
and/or  infection  of  AIB-1/RAC3  into  MDA-231  or  HaCaT  cells  expressing 
ectopic  ER  will  allow  us  to  test  the  possibility  that  expression  of  AIB-1/RAC3 
is  required  for  estrogen-dependent  cyclin  D1  expression. 


Conclusions 

1.  The  estrogen  receptor  requires  additional  signal  transducers  to  enable  it  to 
activate  cyclin  D1  synthesis,  thereby  rendering  estrogen  mitogenic  for 
mammary  epithelial  cells. 

2.  Wnt-4  plays  a  role  during  early  but  not  late  pregnancy  in  ductal  branching 
and  alveologenesis. 
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ABSTRACT  Recently  generated  progesterone  receptor 
(PR) -negative  (PR“/_)  mice  provide  an  excellent  model  for 
dissecting  the  role  of  progesterone  in  the  development  of  the 
mammary  gland  during  puberty  and  pregnancy.  However,  the 
full  extent  of  the  mammary  gland  defect  in  these  mice  caused 
by  the  absence  of  the  PR  cannot  be  assessed,  because  PR~/_ 
mice  do  not  exhibit  estrous  cycles  and  fail  to  become  pregnant. 
To  circumvent  this  difficulty,  we  have  transplanted  PR*“/_ 
breasts  into  wild-type  mice,  and  we  have  demonstrated  that 
the  development  of  the  mammary  gland  in  the  absence  of  the 
PR  is  arrested  at  the  stage  of  the  simple  ductal  system  found 
in  the  young  virgin  mouse.  Mammary  transplants  lacking  the 
PR  in  the  stromal  compartment  give  rise  to  normal  alveolar 
growth,  whereas  transplants  containing  PR~/_  epithelium 
conserve  the  abnormal  phenotype.  Chimeric  epithelia  in 
which  pR-/-  cells  are  in  close  vicinity  to  PR  wild-type  cells  go 
through  complete  alveolar  development  to  which  the  PR-/~ 
cells  contribute.  Together,  these  results  indicate  that  proges¬ 
terone  acts  by  a  paracrine  mechanism  on  a  subset  of  mam¬ 
mary  epithelial  cells  to  allow  for  alveolar  growth  and  that 
expression  of  the  PR  is  not  required  in  all  the  cells  of  the 
mammary  epithelium  in  order  for  alveolar  development  to 
proceed  normally. 


The  mouse  provides  a  useful  model  to  study  mammary  gland 
development.  At  the  onset  of  puberty,  a  simple  system  of 
branching  ducts  begins  growing  out  from  the  nipple  area  into 
a  pad  of  fatty  connective  tissue  that  underlies  the  skin.  During 
the  luteal  phase  of  the  estrous  cycles,  the  ductal  system 
becomes  more  complex  through  the  growth  of  side  branches. 
Ductal  side-branching  becomes  more  extensive  during  early 
pregnancy,  and  subsequently  alveolar  bodies  develop  from 
these  ducts,  fill  up  the  fat  pad,  and  differentiate  to  become  the 
sites  of  milk  production. 

The  serum  levels  of  the  sex  steroid  progesterone  are  ele¬ 
vated  during  diestrus,  the  phase  of  luteal  activity  of  the  estrous 
cycle,  and  pregnancy.  Moreover,  experimental  manipulation 
of  the  hormonal  system  has  implicated  this  hormone  as  an 
essential  stimulus  required  for  the  induction  of  ductal  branch¬ 
ing  and  for  alveologenesis  (1).  However,  the  elucidation  of  the 
role  of  progesterone  is  complicated  by  the  fact  that,  in  the 
mammary  epithelium,  synthesis  of  the  progesterone  receptor 
(PR)  depends  on  estrogen,  the  serum  levels  of  which  are  also 
elevated  during  puberty  and  pregnancy.  This  has  made  it 
difficult  to  assess  which  developmental  effects  can  be  attrib¬ 
uted  to  progesterone  alone. 

To  dissect  the  role  of  progesterone  from  that  played  by 
estrogen,  we  generated  mice  lacking  the  PR  by  targeted 
inactivation  of  the  PR  gene  in  the  mouse  germ  line  (2).  The 
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mammary  glands  of  the  resulting  young  virgin  PR~/_  females 
show  the  same  extent  of  ductal  development  as  is  seen  in 
wild-type  (wt)  female  mice  (2).  However,  when  wt  and  PR~/_ 
virgin  females  were  exposed  to  estradiol  and  progesterone,  the 
wt  breast  tissue  responded  with  side-branching  and  lobuloal- 
veolar  development,  whereas  the  mammary  glands  of  PR_/“ 
females  remained  essentially  unchanged.  This  suggested  that 
PR  is  not  required  for  initial  ductal  growth  but  is  essential  for 
subsequent  side-branching  and  alveologenesis. 

The  administration  of  exogenous  estrogen  and  progester¬ 
one,  as  was  done  in  the  above-described  experiments  and  in  a 
subsequent  study  extending  this  work  (3),  did  not  permit  us  to 
properly  gauge  the  full  spectrum  of  complex  hormonal  changes 
that  occur  during  a  normal  pregnancy.  During  this  period,  the 
serum  levels  of  a  wide  array  of  other  hormones,  including 
growth  hormone,  prolactin,  placental  lactogen,  and  adrenal 
steroids,  are  elevated.  Moreover,  the  secretion  of  each  of  these 
hormones  follows  specific  diurnal  rhythms,  and  it  is  unlikely 
that  injections  of  exogenous  hormones  achieve  physiologic 
serum  levels  and  correct  local  concentrations. 

For  these  reasons,  we  resorted  to  transplanting  PR~/_ 
mammary  tissues  into  wt  animals  that  were  subsequently 
impregnated.  This  allowed  us  to  study  the  morphogenesis  of 
the  breast  tissue  in  a  hormonal  environment  that  faithfully 
recapitulated  that  seen  in  pregnant,  unmanipulated,  wt  ani¬ 
mals.  The  results  of  previous  research  did  not  provide  us  with 
clear  predictions  of  the  outcomes  of  these  transplantation 
experiments.  For  example,  the  PR  is  expressed  in  both  stromal 
and  epithelial  compartments  of  the  mammary  gland  (4). 
Within  the  epithelium,  the  distribution  of  the  PR  is  variegated 
(5).  Together,  such  observations  provided  no  clear  indication 
of  the  contributions  of  various  subtypes  of  stromal  and  epi¬ 
thelial  cells  to  mammary  epithelial  morphogenesis  occurring  in 
the  presence  or  absence  of  the  PR. 

By  grafting  PR_/"  epithelium  or  stroma  in  combination  with 
PR  wt  stroma  or  epithelium,  we  have  found  that  the  primary 
target  for  progesterone  is  the  mammary  epithelium,  while  a 
direct  response  of  the  mammary  stroma  is  not  required  in 
order  for  side-branching  and  lobuloalveolar  development  to 
occur.  Furthermore,  PR_/“  mammary  epithelial  cells  can  give 
rise  to  alveoli  when  placed  in  close  vicinity  to  PR  wt  epithelial 
cells,  indicating  that  progesterone  does  not  need  to  act  directly 
on  the  alveolar  cells  and  instead  can  orchestrate  the  morpho¬ 
genetic  and  proliferative  events  of  alveologenesis  by  affecting 
nearby  cells  in  the  mammary  epithelium. 

MATERIALS  AND  METHODS 

Mice.  ROSA26  and  RAG1~7”  mice  were  purchased  from 
The  Jackson  Laboratory.  The  PR  mutant  mice  were  described 


Abbreviations:  PR,  progesterone  receptor;  wt,  wild-type;  X-Gal, 
5-bromo-4-chloro-3-indolyl  j3-D-galactopyranoside;  MEC,  mammary 
epithelial  cell. 

Tro  whom  reprint  requests  should  be  addressed,  e-mail:  weinberg@ 
wi.mit.edu. 
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elsewhere  (2);  transcription  of  both  A  and  B  forms  of  the  PR 
was  disrupted.  All  mice  were  bred  in  129SV/C57BL6  genetic 
background. 

For  PR  genotyping,  genomic  DNA  was  isolated  from  tails 
and  analyzed  by  PCR.  PCR  was  performed  by  denaturing  the 
DNA  at  94°C  for  1  min,  followed  by  30  cycles  of  amplification: 
94°C  for  1  min,  60°C  for  2  min,  72°C  for  1  min,  and  a  final 
extension  step  at  72°C  for  5  min.  The  following  PR-specific 
primers  were  used:  PI  (5 '-TAG  ACA  GTG  TCT  TAG  ACT 
CGT  TGT  TG-3'),  P2  (5'-AGC  AGA  AAA  CCG  TGA  ATC 
TTC-3'),  and  a  neo  gene-specific  primer,  N2  (5' -GCA  TGC 
TCC  AGA  CTG  CCT  TGG  GAA  A-3'). 

Presence  of  the  /3-galactosidase  transgene  was  tested  for  by 
subjecting  a  piece  of  tail  to  the  5-bromo-4-chloro-3-indolyl 
/3-D-galactopyranoside  (X-Gal)  staining  procedure  described 
below. 

Whole-Breast  Transplant.  Four-  to  6-week-old  PR+/+  or 
PR_/“  female  mice  were  sacrificed  and  their  inguinal  mam¬ 
mary  glands  were  dissected.  RAGl-/“  females  of  the  same  age 
were  anesthetized  with  Avertin  i.p.  (6).  The  ventral  skin  was 
incised  and  the  abdominal  muscle  wall  was  exposed.  A  PR-/_ 
and  a  PR+/+  mammary  gland  were  placed  onto  the  abdominal 
wall  and  the  incision  was  closed  with  surgical  staples.  Three 
weeks  after  surgery  the  recipients  were  mated.  They  were 
sacrificed  at  parturition.  The  two  transplanted  glands  and  an 
endogenous  mammary  gland  were  analyzed  by  whole-mount 
microscopy. 

Fat-Pad  Transplant.  Three-week-old  PR+/+,  PR+/_,  and 
PR-/-  females  were  sacrificed  and  their  inguinal  mammary 
glands  were  exposed.  The  nipple-near  region  was  removed. 
Into  the  remaining  empty  fat  pad  we  injected  primary  mam¬ 
mary  epithelial  cells  derived  from  ROSA26  females.  The 
engrafted  fat  pads  were  placed  onto  the  abdominal  muscle  wall 
of  virgin  RAGl~/_  females. 

Transplantation  of  Mammary  Epithelium.  The  fat  pads  of 
3-week-old  RAGl“/_  females  were  cleared  (see  above).  Pieces 
of  mammary  tissue  of  1-mm  diameter  were  removed  from  the 
nipple  region  of  PR+/+  and  PR_/_  females  and  implanted  as 
described  before  (7V  Alternatively,  the  cleared  fat  pads  were 
injected  with  PR+'+  and  PR"/_  primary  cells,  cultured  as 
described  in  ref.  8. 

Mammary  Gland  Whole  Mounts.  The  inguinal  mammary 
glands  were  dissected,  spread  onto  a  glass  slide,  fixed  in  a  1:3 
mixture  of  glacial  acetic  acid/100%  ethanol,  hydrated,  stained 
overnight  in  0.2%  carmine  (Sigma)  and  0.5%  A1K(S04)2> 
dehydrated  in  graded  solutions  of  ethanol,  and  cleared  in  1:2 
benzyl  alcohol/benzyl  benzoate  (Sigma)  as  described  previ¬ 
ously  (9). 

Pictures  were  taken  on  a  Leica  MZ12  stereoscope  with 
Kodak  Ektachrome  160T. 

X-Gal  Staining.  The  transplanted  mammary  glands  were 
dissected,  fixed  for  1  hr  in  4%  formaldehyde  in  phosphate- 
buffered  saline  (PBS),  washed  three  times  over  3  hr  with  rinse 
buffer  (2  mM  MgCl2/0.1%  sodium  deoxycholate/0.2%  Non- 
idet  P-40  in  PBS)  and  rotated  in  X-Gal  staining  solution  (1 
mg/ml  X-Gal,  5  mM  potassium  ferricyanide,  and  5  mM 
potassium  ferrocyanide  in  rinse  buffer)  at  37°C  for  18  hr, 
washed  in  PBS,  and  processed  for  whole-mounting  as  de¬ 
scribed  above. 

Histological  Examination  and  Immunohistochemistry.  For 

histological  examination  of  the  alveolar  structures  the  whole- 
mounted  mammary  glands  were  washed  in  100%  ethanol  prior 
to  paraffin  embedment.  Sections  were  cut  at  10  jam.  Anti-j3- 
casein  antiserum  (10)  was  diluted  1:500  and  applied  overnight 
at  4°C.  Biotinylated  secondary  antibodies  were  detected  with 
a  Vectastain  ABC  kit  (Vector  Laboratories). 

RESULTS 

Development  of  the  Mammary  Gland  During  Pregnancy  in 
the  Absence  of  the  PR.  To  analyze  the  role  progesterone  plays 


in  the  mammary  gland  during  normal  pregnancy,  entire  mam¬ 
mary  glands  from  PR_/_  female  mice  and  their  wt  littermates 
were  transplanted  onto  the  abdominal  muscle  wall  of  PR  wt 
females.  The  transplanted  glands  included  both  epithelial  and 
stromal  compartments.  The  recipient  females  were  of  the  same 
129SV/C57BL6  genetic  background  and  were  homozygous  for 
the  inactivated  RAG1  allele  (11).  Females  of  this  genotype  are 
immunocompromised  and  therefore  able  to  accept  allografts. 
The  engrafted  females  were  mated  3  weeks  after  surgery  and 
sacrificed  immediately  after  a  completed  pregnancy.  In  all 
cases,  the  implants  along  with  an  endogenous  mammary  gland 
were  analyzed  by  whole-mount  microscopy. 

While  the  wt  implants  and  endogenous  glands  (Fig.  1  Center 
and  Right ,  respectively)  showed  full  alveolar  development  at 
parturition,  the  PR_/_  grafts  developed  only  a  simple  ductal 
system  (Fig.  1  Left).  These  observations  validated  the  trans¬ 
plantation  procedure.  More  significantly,  they  demonstrated, 
as  suggested  by  previous  reports  (1,  12),  that  progesterone  is 
essential  for  side-branching  and  lobuloalveolar  growth  and 
showed  that,  in  the  absence  of  the  PR,  the  mammary  gland  fails 
to  undergo  substantial  proliferation  in  the  presence  of  the  full 
array  of  pregnancy- associated  hormones. 

Involvement  of  the  Stromal  and  the  Epithelial  Compart¬ 
ments  in  PR-Mediated  Responses.  To  address  the  question  of 
whether  progesterone  acts  on  the  mammary  stroma  or  epithe¬ 
lium,  engrafted  animals  were  created  in  which  either  the 
mammary  epithelium  or  the  fat  pad  lacked  PR  because  of 
inactivation  of  the  PR  gene.  The  development  of  the  mammary 
gland  in  response  to  physiological  hormonal  stimulation  was 
then  followed. 

In  the  mouse,  the  mammary  epithelium  grows  out  from  the 
nipple  into  a  fat  pad  that  underlies  the  skin.  At  three  weeks 
after  birth,  the  epithelium  of  the  gland  has  not  yet  penetrated 
extensively  into  the  stroma  and  can  be  eliminated  by  removing 
the  nipple  region  of  the  mammary  gland  (7).  Mammary 
epithelial  cells  (MECs)  that  are  introduced  into  the  remaining 
“cleared”  fat  pad  will  give  rise  to  a  new  ductal  system.  They  can 
grow  out  from  a  piece  of  breast  tissue  that  is  placed  into  the 
fat  pad  (7, 13),  or  from  single-cell  suspensions  that  are  injected 
into  the  fat  pad  (14). 

We  adapted  these  surgical  procedures  to  create  mammary 
glands  that  specifically  lacked  the  PR  in  their  stromal  cells. 
Briefly,  the  nipple  regions  containing  the  mammary  epithe¬ 
lium  were  removed  from  the  fourth  mammary  glands  of 
3-week-old  PR_/“  females  and  their  wt  littermates.  The  re¬ 
sulting  cleared  fat  pads  were  then  implanted  with  mammary 
epithelium  derived  from  a  wt  donor.  Subsequently,  the  result¬ 
ing  reconstituted  mammary  glands  were  dissected  and  trans¬ 
planted  onto  the  abdominal  muscle  wall  of  RAGl-/“  females. 

We  validated  this  transplantation  procedure  by  implanting 
PR  wt  epithelium  into  PR  wt  fat  pads.  The  resulting  engrafted 
glands  developed  like  the  endogenous  mammary  glands  in 
virgin  as  well  as  postpartum  recipients,  demonstrating  that  the 


Fig.  1.  Whole  breast  transplantation.  Whole-mount  preparations 
of  the  PR_/_  (Left)  and  PR+/+  (Center)  whole  breast  implant  and 
endogenous  mammary  gland  (Right)  derived  from  RAGl-/~  recipient 
mouse  after  parturition. 
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engrafted  fat  pad  had  become  fully  vascularized  when  trans¬ 
planted  in  this  fashion.' 

The  interpretation  of  these  experiments  depended  upon  our 
ability  to  distinguish  implanted  mammary  epithelium  from  any 
residual  endogenous  epithelium  that  inadvertently  had  not 
been  removed  during  the  preparation  of  the  cleared  mammary 
fat  pads.  In  fact,  in  the  virgin  gland,  it  is  easy  to  distinguish 
ducts  arising  from  implanted  epithelium  from  those  that  are 
endogenous  to  this  gland  because  of  the  distinctive  orienta¬ 
tions  of  ductal  growth.  Thus,  the  endogenous  epithelium  grows 
unidirectionally  from  the  nipple  into  the  fat  pad,  whereas  the 
ducts  arising  from  the  implant,  which  we  place  into  the  center 
of  the  cleared  fat  pad,  grow  centrifugally.  At  parturition, 
however,  when  the  fat  pad  is  filled  with  alveoli,  it  is  difficult  to 
distinguish  the  two  ductal  systems,  making  it  impossible  to  rule 
out  that  the  observed  epithelial  structures  derive  from  residual 
endogenous  epithelium. 

To  address  this  difficulty,  mammary  epithelium  derived 
from  ROSA26  female  mice  was  exploited  (15).  Mice  of  this 
transgenic  strain  express  the  0-galactosidase  gene  in  virtually 
all  their  tissues.  The  mammary  epithelium  of  these  ROSA26 
mice  was  implanted  into  the  cleared  fat  pads  of  wt  mice.  When 
these  reconstituted  fat  pads  were  subjected  to  an  X-Gal 
staining  procedure,  the  implanted  ROSA26-derived  epithe¬ 
lium  turned  blue  and  could  thus  be  unequivocally  distinguished 
from  any  endogenous  epithelium,  which  was  visualized  by  the 
red  color  of  the  carmine/alum  counterstain.  Together,  the 
above-described  preliminary  experiments  and  the  use  of 
ROSA26  cells  validated  our  transplantation  procedures  and 
our  ability  to  study  engrafted  tissues  without  the  confounding 
effects  of  residual  tissue  originating  from  the  recipient  breast. 

The  above  procedures  were  utilized  to  resolve  the  respective 
roles  of  stroma-  and  epithelium-derived  PR  populations  in 
mammary  gland  proliferation  and  differentiation.  First, 
ROSA26.PR+/+  epithelium  was  transplanted  into  cleared 
PR-/“  fat  pads;  the  resulting  reconstituted  mammary  glands 
were  then  placed  onto  the  abdominal  muscle  wall  of  a 
RAGl~/_  recipient  female.  Four  weeks  later,  the  engrafted 
RAGl~/_  recipients  were  mated.  After  they  had  given  birth, 
the  transplanted  mammary  gland  and  an  endogenous  mam¬ 
mary  gland  were  analyzed  by  whole-mount  microscopy.  As  can 
be  seen  in  Fig.  2,  the  injected  ROSA26-derived  mammary 
epithelial  cells  grew  equally  well  in  transplanted  fat  pads  from 
wt  (Fig.  2  Right)  and  PR_/_  (Fig.  2  Left )  donors.  This  result 
demonstrated  that  the  presence  of  the  PR  in  the  mammary 
stroma  was  not  essential  for  the  pregnancy-induced  side¬ 
branching  and  lobuloalveolar  development. 

Next,  we  assessed  the  role  of  the  PR  in  the  epithelium 
independent  of  its  function  in  the  stroma.  To  do  this,  mammary 
epithelial  cells  derived  from  either  PR_/_  or  wt  donors  were 
transplanted  into  the  cleared  mammary  fat  pads  of  wt  recip- 


PR-/-  i  PR+/+ 


Fig.  2.  Transplantation  of  engrafted  fat  pads.  Whole-mount  prep¬ 
arations  of  transplanted  reconstituted  breasts.  Fat  pads  from  PR-'7'"  or 
PR+/+  mice  were  engrafted  with  ROSA26  (/3-gaIactosidase+)  PR+/+ 
primary  mammary  epithelial  cells  and  transplanted  onto  the  abdom¬ 
inal  muscle  wall  of  PR+/+.RAGl_/_  recipients,  the  reconstituted 
mammary  glands  were  removed  from  the  recipients  after  parturition 
and  stained  with  X-Gal  before  whole-mounting. 
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ients.  The  engrafted  recipients  were  mated  and  their  mam¬ 
mary  glands  were  analyzed  at  parturition.  The  results  of  these 
experiments  are  shown  in  Fig.  3.  Whereas  the  wt  implant  gave 
rise  to  a  fully  developed  mammary  tree,  the  epithelium  lacking 
the  PR  grew  into  only  a  simple  ductal  tree  (Fig.  3  Left). 
Similarly,  when  we  analyzed  the  mammary  glands  of  engrafted 
virgin  females  2  months  after  surgery,  the  wt  implant  as  well 
as  the  endogenous  breasts  showed  side-branching,  whereas  the 
PR-/"  breast  had  only  a  simple  ductal  system  (Fig.  3  Right). 
Table  1  summarizes  the  results  of  these  transplantation  ex¬ 
periments.  These  results  allowed  us  to  conclude  that  the 
mammary  epithelium  is  the  prime  target  of  progesterone  both 
before  and  during  pregnancy,  and  that  a  direct  response  of  the 
mammary  stroma  to  progesterone  does  not  play  an  essential 
role. 

Role  of  the  PR  in  the  Development  of  Alveoli.  The  experi¬ 
ments  above  indicated  that  the  absence  of  the  PR  from  all  cells 
of  the  mammary  epithelium  resulted  in  a  failure  of  side¬ 
branching  and  lobuloalveolar  growth.  However,  they  did  not 
address  the  question  of  whether  the  presence  of  PR  was 
required  in  all  cells  of  the  ductal  epithelium  or  in  only  a  subset 
of  MECs  in  order  for  these  morphogenetic  processes  to 
proceed  normally. 

To  distinguish  between  these  possibilities,  we  created  mosaic 
mammary  epithelia  containing  both  PR""/_  and  PR+/+  MECs. 
The  latter  cells  were  derived  from  ROSA26  mice.  In  this  case, 
tissue  structures  composed  of  PR+/+  cells  would  turn  blue 
upon  X-Gal  staining  when  analyzed  by  whole-mount  micros¬ 
copy.  Structures  composed  of  PR_/_  cells  would  turn  red, 
being  stained  only  by  the  carmine/alum  counterstain. 

Mixtures  of  PR+/+  and  PR_/"  MECs  in  different  ratios 
were  injected  into  the  cleared  mammary  fat  pads  of 
RAGl_/“  females.  These  mixtures  were  obtained  either  by 
combining  single-cell  suspensions  derived  from  PR-7""  and 
PR+/+.ROSA26  primary  cultures  or  by  mixing  finely  minced 
mammary  tissues  dissected  from  females  of  these  two  strains. 
Two  months  later,  the  engrafted  recipients  were  mated,  and 
the  engrafted  breasts  were  analyzed  toward  the  end  of 
pregnancy. 

Depending  on  the  degree  of  homogeneity  of  the  injected 
mixture  and  the  ratio  in  which  the  cells  of  the  different 
genotypes  were  mixed,  we  found  two  types  of  chimerism.  In  the 


pregnant  virgin 


Fig.  3.  Transplantation  of  epithelium.  Whole-mount  preparations 
of  mammary  glands  from  PR+/+.RAGl-/~  recipients.  (Left)  Prepa¬ 
ration  derived  from  a  recipient  after  parturition.  (Right)  Preparation 
derived  from  a  virgin  mouse.  (Top)  Transplanted  PR~/~  epithelium. 
(Middle)  Transplanted  PR+/+  epithelium.  (Bottom)  Endogenous 
mammary  gland. 
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Table  1.  Requirement  of  the  PR  in  the  stroma  and/or  the 
epithelium  for  alveolar  development  in  mammary 
transplants  analyzed  post  partum 


Transplant 

No.  samples  with 
alveolar  growth/no. 
successful  transplants 

Mammary  glands  in  toto 

Stroma  PR /epithelium  PR+/+ 

8/8 

Stroma  PR  “/"/epithelium  PR-/- 

0/8 

Fat  pad  injected  with 

PR+/+ROSA26  epithelium  cells 

Stroma  PR+/+/injected  epithelium 

PR+/+ 

6/6 

Stroma  PR+/" /injected  epithelium 

PR+/+ 

8/8 

Stroma  PR"/- /injected  epithelium 

PR+/+ 

6/6 

Epithelium 

Stroma  (host)  PR+/+/epithelial 
transplant  PR+/+ 

13/13 

Stroma  (host)  PR+/+/epithelial 
transplant  PR"/" 

0/13 

first  type,  the  mammary  glands  showed  discrete  sectors  having 
distinct  phenotypes.  An  example,  representative  of  17  samples 
of  this  type  of  chimerism,  is  shown  in  Fig.  4.  One  half  of  the 
epithelial  component  of  the  mammary  gland  stained  red  while 
the  other  half  stained  blue;  this  indicated  the  origins  of  these 
two  sectors  from  PR-/"  and  ROSA26  engrafted  cells  respec¬ 
tively.  The  sector  composed  of  the  PR_/"  cells  represents  a 
simple  ductal  tree,  whereas  the  sector  composed  of  the 
PR+/+.ROSA26  cells  shows  extensive  lobuloalveolar  growth. 
This  result  demonstrated  that  the  coexistence  of  MECs  of 
PR+/+  and  PR_/"  in  one  fat  pad  is  not  sufficient  to  rescue  the 
morphogenetic  defect  intrinsic  to  the  PR"/_  cells. 

Most  of  the  chimeric  epithelia  that  arose  from  single-cell 
suspensions  in  which  the  wt  cells  were  in  10-fold  excess  over 
PR-/-  ceus  showed  complete  lobuloalveolar  development. 
However,  at  higher  magnification  distinct  red  alveoli  and  blue 
alveoli  could  be  identified.  This  observation  suggested  but  did 
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not  prove  that  PR-/"  cells  could  participate  in  alveolar  for¬ 
mation  if  they  were  in  close  proximity  with  wt  MECs. 

Any  conclusions  concerning  the  ability  of  the  PR_/“  MECs 
to  form  alveoli  were  clouded  by  the  possibility  that  certain 
PR+/+.ROSA26  cells  that  participated  in  alveologenesis  had 
failed  to  stain  blue,  thereby  taking  on  the  appearance  of  the 
PR"/"  cells  in  the  same  mixed  grafts.  To  address  this  issue,  we 
crossed  the  0-galactosidase  transgene  into  the  PR"'"  genetic 
background.  By  transplanting  PR“/".ROSA26  mammary  ep¬ 
ithelium  into  wt  recipients  and  analyzing  the  transplanted 
glands  after  birth  we  were  assured  that  the  transgene  did  not 
affect  the  PR"/_  phenotype  (data  not  shown).  Subsequently, 
suspensions  of  PR"/_.ROSA26  MECs  were  mixed  with  PR+/+ 
MECs  lacking  the  j3-galactosidase  transgene  to  generate  chi¬ 
meric  breasts.  On  this  occasion,  we  looked  for  a  result  opposite 
to  that  seen  previously — alveolar  cells  that  stained  blue.  In¬ 
deed,  as  shown  in  Fig.  4  Center ,  a  representative  of  26 
independent  grafts,  the  mammary  glands  obtained  from  preg¬ 
nant  engrafted  females  showed  areas  with  blue  alveoli,  proving 
conclusively  that  PR_/"  cells  can  participate  in  the  formation 
of  alveoli  if  they  are  in  close  vicinity  to  wt  epithelial  cells. 

To  determine  whether  the  alveolar  structures  constituted  by 
PR"/"  cells  are  functional  we  assessed  their  morphology  on 
histological  sections.  As  shown  in  Fig.  4  Right,  the  lumina  of  the 
blue  PR"'"  alveoli  compare  with  those  of  wt  alveoli,  indicating 
the  presence  of  secreted  material.  Similarly,  secretory  vacuoles 
are  present.  Immunostaining  with  anti-0-casein  antibody  re¬ 
vealed  the  expression  of  the  milk  protein  (arrow,  Fig.  4  Upper 
Right),  Together  these  results  indicate  that  the  PR"7"  alveoli 
are  fully  differentiated.  Thus,  the  presence  of  the  PR  is 
required  in  only  a  portion  of  the  MECs  in  order  for  lobuloal¬ 
veolar  development  to  occur.  Moreover,  these  findings  suggest 
that  progesterone  activates  a  paracrine  signaling  route  that 
operates  between  distinct  subtypes  of  MECs,  permitting 
PR_/"  MECs  to  participate  directly  in  lobuloalveolar  prolif¬ 
eration  and  differentiation. 

DISCUSSION 

Hormonal  ablation/reconstitution  experiments  (1)  have  sug¬ 
gested  that  progesterone  plays  an  important  role  in  the  changes 
that  the  mammary  gland  undergoes  during  early  pregnancy, 


Fig.  4.  Rescue  of  the  PR-/"  phenotype  in  PR-/"  and  PR+/+  chimeric  epithelia.  {Left)  Whole-mount  preparation  of  cleared  PR+/+.RAG1  7 
fat  pad  implanted  with  a  mixture  of  PR_/"  (red)  epithelium  and  ROSA26.PR+/+  epithelium  (blue)  in  a  1:1  ratio.  The  engrafted  mammary  gland 
was  removed  after  the  recipient  had  given  birth,  subjected  to  X-Gal  staining,  and  whole-mounted. (Bar  in  Upper  corresponds  to  2  mm;  bar  in  Lower , 
to  200  pm).  ( Center )  Whole-mount  preparation  of  cleared  PR+/+.RAG1-/"  fat  pad  injected  with  a  mixture  of  PR"7".ROSA26  (blue)  epithelium 
and  PR+/+  epithelium  (red)  injected  in  a  1:10  ratio,  treated  as  for  Left.  (Bar  corresponds  to  200  pm.)  (Right)  Adjacent  histological  sections  of  an 
area  with  PR-/".ROSA26  alveolar  structures.  (Upper)  Expression  of  0-casein  in  wt  and  PR"/".ROSA26  alveoli.  (Lower)  Control  without  primary 
antibody.  Arrow  indicates  PR"7".ROSA26  alveolus  expressing  0-casein.  (Bar  corresponds  to  50  pm.) 
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namely  side-branching  and  initial  alveolar  growth.  To  deter¬ 
mine  the  extent  to  which  progesterone  signaling  is  limiting  in 
development,  we  generated  mice  lacking  the  PR  gene  (2). 
However,  because  the  PR_/_  females  have  multiple  impair¬ 
ments  in  their  reproductive  functions,  the  specific  conse¬ 
quences  of  PR  inactivation  on  mammary  gland  development 
could  not  be  assessed  in  these  mice. 

To  circumvent  this  difficulty,  we  have  used  various  trans¬ 
plantation  techniques  to  elucidate  the  role  of  progesterone  in 
the  development  of  the  mammary  gland.  In  particular,  we  have 
made  use  of  cells  derived  from  mice  carrying  the  /3-galacto- 
sidase  transgene.  These  cells  turn  blue  upon  X-Gal  staining, 
making  it  possible  to  distinguish  these  cells  histochemically 
from  neighboring  /3-galactosidase-negative  cells.  In  one  exper¬ 
iment,  this  allowed  us  to  distinguish  the  /3-galactosidase- 
positive  implanted  MECs  from  the  /3-galactosidase-negative 
endogenous  cells  of  an'engrafted  breast;  in  another  setting,  this 
procedure  made  it  possible  for  us  to  distinguish  MECs  carrying 
two  functional  PR  alleles  from  those  lacking  the  PR. 

Most  transplantation  experiments  involving  nonsyngeneic 
grafts  have  exploited  nude  mice  as  recipients.  We  note  here  in 
passing  the  utility  of  the  RAGl_/_  mice  used  for  transplan¬ 
tation  experiments  designed  to  elucidate  mammary  gland 
physiology.  Because  nude  mice  have  low  estrogen  levels,  they 
do  not  represent  good  recipients  in  transplantation  experi¬ 
ments  designed  specifically  to  gauge  mammary  function.  In 
contrast,  the  RAGl~/_  mice  used  here  exhibit  developmental 
defects  that  are  strictly  limited  to  B  and  T  cell  development 
(11)-  ; 

Our  initial  experiments  involving  the  transplantation  of 
PR-/_  mammary  glands  into  PR+/+.RAGl-/“  females  were 
motivated  by  the  need  to  assess  the  role  of  the  PR  in  an  in  vivo 
physiologic  environment  in  which  the  full  array  of  pregnancy- 
associated  hormonal  signals  was  present.  PR”/_  mammary 
glands  grafted  into  a  PR+/+.RAGl“/_  recipient  developed 
only  a  simple  ductal  system,  even  when  the  host  went  through 
a  series  of  estrous  cycles  and  a  normal  pregnancy.  This 
indicated  that  side-branching  and  lobuloalveolar  growth  rely 
on  the  presence  of  the  PR,  and  that  other  signaling  mecha¬ 
nisms  operating  in  the  breast  tissue  cannot  compensate  for  the 
absence  of  the  PR  to  allow  these  processes  to  proceed  nor¬ 
mally. 

These  initial  results  left  us  with  two  distinct  scenarios.  In 
one,  both  side-branching  and  lobuloalveolar  proliferation, 
each  in  its  own  right,  depends  on  the  presence  of  progesterone. 
In  the  other,  side-branching  depends  on  progesterone,  whereas 
lobuloalveolar  growth  depends  on  prior  side-branching  and  is 
therefore  only  indirectly  dependent  on  progesterone.  Our 
analysis  of  a  series  of  whole  mounts  of  mammary  glands  from 
wt  pregnant  mice  showed  that  alveoli  sprouted  not  only  from 
side  branches  (secondary  ducts)  but  also  from  the  primary 
ducts  (data  not  shown).  This  finding  indicated  that  side¬ 
branching  is  not  an  absolute  prerequisite  for  alveolar  growth. 
For  this  reason,  we  concluded  that  the  PR  is  required  for 
lobuloalveolar  proliferation  per  se  in  addition  to  its  demon¬ 
strated  role  in  side-branching. 

We  next  addressed  the  issue  of  whether  progesterone  needs 
to  act  on  the  mammary  stroma,  the  epithelium,  or  both.  One 
important  clue  for  resolving  this  puzzle  appeared  to  come  from 
the  longstanding  observation  that  morphogenesis  in  many 
epithelial-mesenchymal  organs  such  as  the  mammary  gland  is 
controlled  by  inductive  events  (16)  that  require  cross-talk 
between  epithelial  and  stromal  components.  In  the  breast  in 
particular,  the  embryonic  mammary  mesenchyme  induces  the 
overlying  epithelium  to  develop  into  the  mammary  bud  (17). 
Moreover,  in  male  embryos  of  various  mouse  strains,  andro¬ 
gens  act  on  the  stroma  to  induce  the  involution  of  the 
mammary  anlage  (18, 19).  The  estrogen  receptor  is  required  in 
the  mammary  stroma  for  ductal  growth  to  occur  (20). 
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The  role  of  the  stroma  in  mediating  progesterone- 
dependent  processes  in  the  breast  has  been  less  clear.  For 
example,  ligand-binding  studies  have  shown  that  80%  of  the 
progesterone  receptors  in  the  mouse  mammary  gland  localize 
to  the  epithelium,  while  the  remaining  20%  are  found  in  the 
stroma  (4).  Such  observations  have  been  compatible  with 
models  in  which  the  epithelial  cells,  the  stromal  cells,  or  both 
cell  types  are  required  to  mediate  the  direct  responses  to 
progesterone. 

More  recently,  epithelial/stromal  reciprocal  transplanta¬ 
tions  between  wt  and  estrogen  receptor  (ER)_/_  and  wt  and 
PR_/_  tissues  have  demonstrated  that  stromal  derived  ER  and 
PR  exert  paracrine  effects  on  the  epithelium  both  in  the  uterus 
(21)  and  in  the  vagina  (G.  R.  Cunha  and  B.W.O.,  unpublished 
observations).  We  show  here  that  mammary  glands  lacking  PR 
in  the  stroma  undergo  normal  development,  whereas  the 
absence  of  the  PR  from  the  epithelium  confers  the  PR_/“ 
phenotype,  indicating  that  the  target  cells  of  progesterone  in 
the  mammary  gland  are  in  the  epithelium.  While  effects  of 
progesterone  on  the  mammary  stroma  cannot  be  excluded, 
they  do  not  appear  to  contribute  in  any  obvious  way  to  the 
development  of  the  ductal  tree  and  alveoli. 

Recently  reported  experiments  in  which  we  participated  (3) 
yielded  results  that  are  in  conflict  with  one  aspect  of  the 
present  work.  These  previous  experiments  appeared  to  indi¬ 
cate  that  the  PR  that  functions  within  the  stromal  compart¬ 
ment  exerts  an  effect  on  epithelial  ductal  growth,  contrary  to 
the  present  results,  which  indicate  the  opposite.  We  find  the 
present  results  more  compelling  for  several  reasons.  The 
number  of  transplanted  animals  examined  here  was  much 
larger.  Moreover,  we  have  analyzed  the  behavior  of  mammary 
glands  in  a  situation  in  which  the  only  PR-negative  tissue  in 
engrafted  animals  was  the  mammary  stroma;  the  earlier  work, 
in  contrast,  examined  the  behavior  of  wt  epithelium  trans¬ 
planted  into  the  cleared  PR_/“  fat  pad  of  a  PR_/_  host.  In 
concordance  with  our  conclusion,  a  recent  immunostaining 
failed  to  detect  any  PR  protein  in  the  fat  pad  (22). 

The  present  work  together  with  previous  observations  of 
others  (1,  12)  indicates  that  progesterone  is  required  for  two 
distinct  morphogenetic  processes  in  the  breast — side¬ 
branching  and  preparation  of  ductal  cells  for  subsequent 
lobuloalveolar  development.  The  precise  mechanisms  by  which 
progesterone  enables  ductal  MECs  to  participate  in  alveolo- 
genesis  has  been  unclear.  The  pattern  of  PR  expression  in  the 
mammary  epithelium  is  inhomogeneous  (5),  suggesting  the 
involvement  of  only  a  subset  of  ductal  cells  in  progesterone- 
triggered  processes.  The  connected  issue  of  whether  the  PR- 
expressing  cells  represent  the  precursors  of  the  alveolar  out¬ 
growths  is  addressed  here. 

Our  observation  that  PR_/_  cells  can  give  rise  to  alveolar 
structures  if  they  are  in  close  vicinity  to  PR+/+  cells  indicates 
that  progesterone  does  not  need  to  act  directly  on  a  ductal 
epithelial  cell  for  it  to  participate  in  alveolar  formation. 
Instead,  it  appears  that  progesterone  acts  on  a  subtype  of 
ductal  cell,  causing  it  to  release  paracrine  signals  that  permit 
other  nearby  epithelial  cells  to  participate  directly  in  lobuloal¬ 
veolar  proliferation. 

The  present  work  provides  no  indication  about  the  nature  of 
the  paracrine  signal  released  by  the  progesterone-activated 
ductal  cdl.  However,  the  observation  that  close  apposition  of 
PR-positive  with  PR-negative  cells  is  required  to  rescue  the 
PR_/_  phenotype  indicates  that  the  signal,  whatever  its  bio¬ 
chemical  nature,  is  transmitted  only  over  short  intercellular 
distances.  Factors  that  are  tightly  associated  with  the  extra¬ 
cellular  matrix  such  as  wnt  proteins  and  fibroblast  growth 
factors,  which  are  differentially  expressed  during  mammary 
gland  development  (23,  24),  are  attractive  candidates  for 
conveying  such  paracrine  signals. 

Our  data  provide  no  indication  whether  or  not  these  para¬ 
crine  signals  communicate  directly  between  the  progesterone- 
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activated  ductal  cells  and  closely  apposed  alveolar  precursor 
cells.  It  remains  equally  possible  that  the  progesterone- 
activated  ductal  cell  communicates  with  the  stroma;  the  latter, 
in  turn,  may  pass  on  a  signal  directly  to  the  alveolar  precursor 
cells  as  suggested  by  others  (25).  The  use  of  tissue  reconsti¬ 
tution  techniques  and  genetically  altered  cells  should  allow  the 
further  dissection  of  the  molecular  mechanisms  of  mammary 
morphogenesis  over  the  next  several  years. 
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